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ON STEADY-STATE PERFORMANCE ESTIMATION OF THREE-PHASE
INDUCTION MOTORS

SUMMARY

In industry, more than 85 % of the used motors are induction motors, because of two
main reasons: rugged in construction and low cost when comparing it to other
motors. Recently, increasing higher efficiency interests and protective maintenance
trends lead the on-line performance monitoring of induction motors. If it is intended
to monitor performances of all motors, this can be only done by using cheaper
sensors and by processing the captured information to provide a performance
monitoring calculation in a central unit. For this reason, there are multiple types of
research on the performance monitoring devices, which are using LTE/4G loT
technology. It is possible to estimate the motor performance by means of captured
terminal quantities and motor parameters. The aim of this thesis is to define input and
output steady-state performance values of an induction motor via information from
simple terminal voltage and current sensors.

Since motor parameters are required to estimate performance, by on-line and off-line

techniques can determine the motor parameters. By conducting some fundamental
tests (no-load, and blocked-rotor), the motor equivalent circuit parameters can be
defined. The target of this study is to predict the performance of an induction motor
by using only terminal quantities.

The experimental work and estimation calculations are applied for a 4-pole, 2.2 kW
three-phase squirrel cage induction motor. First, the fundamental tests such as no-
load and blocked-rotor tests are conducted and the performance of the motor is
monitored experimentally. Then corrected no-load test is conducted to find the more
accurate value of core loss resistor and frictional losses. So motor equivalent circuit
parameters and motor heating are defined.

By using VisSim software, motor input impedance calculation and power distribution
algorithms are formed and variation of the input equivalent impedance with the
motor slip is obtained. A basic algorithm is developed to calculate the input powers,
I.e. input apparent, active and reactive powers from the terminal voltage and current
values.

In this study, a simple method that is based on total equivalent impedance of T-
equivalent circuit is proposed as a scientific contribution. The essence of the method
is to find out the relation between equivalent impedance and slip. To extract the slip
from the impedance expression is required a substantial of a burden of calculation.
Thus, this problem is solved by using a quadratic equation of equivalent impedance
that is a function of slip. A MATLAB curve fitting algorithm is used to define input
impedance-slip variation with a quadratic equation. The coefficients of the quadratic
equation are depending on the motor equivalent circuit parameters. These
coefficients can be obtained from the manufacturer or found by means of
fundamental tests. So all these calculations including the terminal powers and slip

XXi



can be done via a microprocessor with a simple code. By adding frictional and stray
losses, the output power and shaft torque can be defined. By doing so, the efficiency
and loading can be monitored on-line.

In the thesis, the tested and calculated results are in agreement. Therefore, it is shown
that the performance of an induction motor can be estimated by using only terminal
measurements and simple calculations. For future work, it will be searched the ways
of determining motor parameters during operation and without implementing any
tests. Moreover, the temperature dependency of the related parameters will analyze
thoroughly.
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UC FAZLI ASENKRON MOTORLARIN SUREKLI HAL PERFORMANS
KESTIRIMI

OZET

Endiistride kullanilan motorlarin yiizde seksen besinden fazlasi asenkron motorlardir.
Bu yogun kullanimin temel nedenleri, saglam yapilar1 ve diger motorlara gére daha
ucuz olmalaridir. Son yillarda artan yiiksek verim arayislari ve Onleyici bakim
aragtirmalari, asenkron motorlarin performanslarinin siirekli gézlenmesi gibi ¢6ziim
arayiglart  getirmistir. Eger tim motorlarin  performanslarmin  gézlenmesi
amaglaniyorsa, bu ancak ucuz sensorler ve bu sensorlerin algiladiklart bilgileri 6nce
isleyerek ardindan ana bir hesaplama birimine gondermesi ile olanakli olabilir. Bu
amacla ginumizde LTE/AG haberlesmeli IoT (Internet of Things) modiilleri ile
performans gozleyici cihazlarla ilgili arastirmalar yapilmaktadir. Yalnizca alinan
giris biiylikliikleri bilgileri ile asenkron motorun performansi tahmin edilebilir. Bu
tezin amaci, basit ve ucuz gerilim ve akim sensorleri kullanilarak yalnizca giris
bilgilerinin 6l¢iilmesi ve motor parametreleri yardimi ile motor ¢ikig biiytikliiklerinin
belirlenmesidir.

Motor performansinin kestirimi i¢in motor esdeger devre parametrelerinin
belirlenmesi gerektiginden, bu parametreler cevrim i¢ci ya da ¢evrim dist
belirlenebilir. Temel deneyler olarak adlandirilan bosta ve kisa devre (kilitli rotor)
deneyleri ile motor esdeger devre parametreleri belirlenebilir. Bu ¢alismanin hedefi
esdeger devre parametreleri yardimi ile yalnizca giris biiyiikliiklerini kullanarak bir
asenkron motorun stirekli hal performansinin kestirimidir.

Hesaplamalar ve deneysel ¢alisma i¢in 380 V, 4 kutup, 2.2 kW giiclinde ii¢ fazli bir
asenkron motor kullanilmistir. Oncelikle motorun performans ve temel deneyleri
(bosta ve kilitli rotor) yapilmis ve motor performansi deneysel olarak gézlenmistir.
Ayrica hem siirtlinme kayiplarinin hem de dogru demir direnci degerlerinin
belirlenmesini saglayan diizeltilmis bosta deney de gerceklestirilmistir. Motor
esdeger devre parametreleri ve motorun 1sinmasi da ayrica belirlenmistir.

Ardindan VisSim yazilimi ortaminda, motor giris esdeger empedanst ve motor gii¢
dagilimi algoritmalari olusturulmus ve giris empedansinin kayma ile degisimi ortaya
konulmustur. Ayrica motor giris gerilimi ve akimindan motor giris aktif, reaktif ve
goriiniir giiclerini belirleyen basit algoritmalar kurulmustur. Ardindan MATLAB
ortaminda egri uydurma algoritmalar1 kullanilarak giris esdeger empedansinin kayma
ile degisimi ikinci dereceden modellenmistir. Ikinci dereceden denklemin katsayilari
motorun esdeger devre parametrelerine baghdir. Bu katsayilar dogrudan iiretici
tarafindan ya da yapilacak olan deneylerle belirlenebilir. Bu sayede, secilecek olan
islemciye yazilacak basit bir gomiilii yazilim ile giris glic hesaplama ve esdeger
empedanstan kayma degerini belirleme islemleri yaptirilabilir. Siirtiinme ve ek
kayiplarin ilavesi ile motor ¢ikis giicii ve mil momenti belirlenebilir. Bu sayede
motorun verimi ve yuklenme durumu surekli olarak gozlenebilir.
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Tezde elde edilen deneysel sonuglar ve yapilan kestirim hesaplamalar1 yakin
sonuclar vermistir. Bu anlamda, asenkron motorlarin siirekli hal performanslarinin
cok basit sensorler ve hesaplamalar kullanilarak yapilabilecegi ortaya konulmustur.
lleri ¢aligmalarda, esdeger devre parametrelerinin herhangi bir deney yapmaksizin,
motorun isletmesi sirasinda belirlenmesine yonelik ¢alismalar yapilacaktir. Ayrica
girig esdeger empedansinin sicaklikla olan degisiminin de hesaba katilacag: basit ve
hizli algoritmalar tasarlanacaktir.
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1. INTRODUCTION

1.1 Purpose of Thesis

As it is known, induction motors are most widely used electric motors in the
industry. Most of the rolling mill applications are applied by three-phase cage
induction motors. Statistics show that 45-47% of the global electricity consumed by
electrical motors (Waide and Brunner, 2011). And that usage of the electric motor is
mainly covered by induction motors. By 2019, the expected market volume of
induction motors is predicted as an approximate 16 Million USD (Research and
Markets, 2015). Heating and ventilating systems, pump and compressor systems are
the main application areas for induction motors. The reason for this remarkable
tendency is based on the simple and cheaper structure of induction motors. Using an
aluminum or copper cage instead of permanent magnet assembly brings an
undeniable advantage for induction motors. According to the nature of the
application, induction motors can be line fed or inverter fed. There is a significant
number of line fed induction motors which are used mainly in ventilating, pump and

compressor systems.

In recent years, seek for higher efficiency motor usage for energy saving is rapidly
increasing and this approach is affecting induction motor designs. Nowadays, IE4
efficiency class motors take to the stage in presence of widely used IE3 motors while
IE2 motors are rapidly losing their grounds. New ferromagnetic core materials and
copper cages which bring lower iron and copper losses become dominant in
induction motor designs. Another effort is directed to investigate the proper motor
usage for specific applications. The main question is: Is the motor used the right
motor for the application? What if a smaller and higher efficiency motor is used?
Researchers are showing that a great number of induction motors can be replaced by
a lower rated power motor and use a higher efficiency class motor, e.g. IE4 instead
of IE3, may lead substantial energy and cost saving when the lifespan cost of the

motor is considered.



Thus, performance monitoring of induction motors is an essential task to find out the
quality of motor operation. A performance monitoring task can be done thoroughly
by using a voltmeter, ampere meter, and power meters and also shaft torque and
speed measurements. But this type of monitoring is not applicable if the total cost of
measurement devices and complexity of the monitoring system are considered. In
many years, the motor diagnostics is seen as a tough job, and it is mainly studied by
academicians. But nowadays, capturing excessive data by means of 10T systems
enables to find a proper solution to this problematic area. So, using simple
measurements and a performance estimation algorithm is proper for a high number

of motor performance predictions.

The total cost of energy and energy saving status of an electric motor can be
monitored, and also data can be used for Big Data Analytics. For big data analytics,
data sets can be captured from cheaper sensors and sent via an 10T module (local
wireless or LTE/4G). The captured data are filtered and can be converted to useful
information. So performance every induction motor which is equipped with cheaper
sensors, a simple microprocessor, and an IoT module can be monitored. Also, the
serious deviations from the expected performance of any induction such as higher
currents, higher slip values motor can be evaluated as a failure mode and thus, motor
diagnostics can be done properly. This situation means that big data analytics can be
efficiently utilized in induction motor monitoring both for performance and health

status.

By the usage of cheap current and voltage sensors and capturing current and voltage
waveforms changing with time, all the terminal data of a three-phase induction motor
such as apparent input power, the phase angle between terminal voltage and current,

power factor, active and reactive input powers can be calculated approximately.

The performance estimation algorithm in this thesis is based on pure or near
sinusoidal waveforms both for voltage and current, so it cannot be applied
appropriately any induction motor driven by inverters or fed from non-sinusoidal
sources. Two basic methods are proposed to find out the sinusoidal form of any
waveform: The first check is based on FFT (Fast Fourier Transform) analysis which
is giving reliable information of the captured waveforms are whether sinusoidal or
not. For example, the estimation analysis can be done up to a specific THD limit

such as 10% or lower. A simpler version is to check the Crest Factor (CF) of a
2



waveform which is approximately 1.4142 for a pure sinusoidal signal. CF is simply
the ratio of peak and RMS values. So, of course, there can be other waveforms which
have 1.4142 CF value. But in a regular AC grid, the most probable member of

1.4142 CF is a pure or near sinusoidal waveform.

The captured terminal measurements are processed to find out the all terminal
quantities of 3 phase induction motor. For a balanced 3 phase source, single phase
measurements are enough to get the aimed performance data. After the capturing
process, by means of T- equivalent circuit parameters and some approximations, the
operation slip of induction motor under attention can be defined. The T-equivalent
circuit is a lumped-parameter model of an induction motor and known as Steinmetz
equivalent circuit, and it is mainly used for steady-state evaluation of induction
motors. Any steady-state value of currents, induced voltages, inner or loss powers
and slip values can be defined by means of this circuit. So in this study, the
performance estimation is for the mainly steady-state operation of induction motors.
But using some additional estimation algorithms, the transient behavior of motors
can be evaluated properly. Also from the terminal current history and the estimated
value of stator winding resistance, the motor winding temperature can be predicted.
As it is a well-known fact, the slip is the key parameter for induction motor steady-
state performance. Slip value, shaft speed, estimated output mechanical power,

estimated shaft torque and efficiency can be defined approximately.

The generated code of proposed simple algorithm can be embedded in a cheap
microprocessor, and via an 10T module (local wireless or LTE/AG) the data sets can
be transmitted to Big Data Analytics processors. Along with voltage and current
measurements, temperature and vibration can also be sensed and used for the
performance and health evaluation. And even the total energy consumption,
efficiency and power loss amount can be monitored, for example, in a production
plant. So all the data can be used for improvement purposes such as replacing motors
with higher efficiency counterparts, replacing wrong selected motors with properly
selected ones, monitoring the total cost of the production process, preventive
maintenance and so on. The total cost of an induction motor during a lifetime can be

found.



1.2 Literature Review

In this section, a brief description of what the researchers work done that related to
the prediction and estimation of performance characteristics of the three-phase

induction motor, by finding the equivalent circuit parameters of the motor.

The main parameters in the equivalent circuit of an induction motor are stator/rotor
resistance, stator/rotor leakage inductance, rated magnetizing inductance and

transient stator inductance.

Generally, methods of parameters estimation of an induction motor can be classified
into three major categories, relying on the availability of data and for what the data is
used:

1.2.1 Parameter estimation based on basic motor tests

According to Institute of Electrical and Electronics Engineers (IEEE) Standard 112,
the induction motor parameters can be obtained from two primary tests no-load and
locked rotor test. Temperature, saturation, and frequency all these factors affect the
value of the induction motor parameters (IEEE Std. 112, 2004).

Salleh et al. (2013), shows that the induction motor parameters can be obtained
through the no-load and blocked-rotor tests. The no-load test is achieved by applying
rated voltage and frequency to the motor. In blocked-rotor test, a low voltage applied
to the stator windings until rated current is reached. The measured data are taken

from the measurements devices during these tests.

Jurkovic (2005) tried to find the most accurate parameters values of the motor. In
addition to the no-load and blocked-rotor test, second no-load test performed under
the same condition. Rated voltage and frequency is applied to the motor stator and
the rotor of the induction motor is rotated at the synchronous speed with DC
machine. Conclude that the results of the second no-load test are more accurate
because the slip is now exactly zero. The second blocked-rotor test results are
omitted because they are almost identically.

Gastli (1999), the proposed method to identify the equivalent circuit parameters is
based on single-phase tests, by injecting single-phase AC current then measured the

voltage, current, and power that absorbed by the motor. This approach is closed to



blocked-rotor test and provides results that related to the rotor resistance and leakage
inductance. The single-phase tests are done on three types of induction motor

equivalent circuit.

1.2.2 Parameter estimation based on software simulation

Ghule et al. (2013), proposed that a new off-line technique to predict performance
characteristics from motor parameters and manufacturer’s data. Current, speed,
power factor, efficiency, and torque all these performance characteristics can be
estimated by using an off-line technique from some mathematical formula relating to
the equivalent circuit parameters. A couple of graphs represent the results of motor
performance. Moreover, software programs are used to implement the three-phase
squirrel cage induction motor tests, such as MATLAB/Simulink to calculate
parameters values by using mathematical formula and ETAP to measure the
parameters values. In this work, three types of tests are used, DC to determine the
stator per phase resistance, no-load to determine the stator inductance and the power
loss, and blocked-rotor to determine the rotor per phase resistance and the sum of the
leakage inductances of the stator and rotor windings. It has been noticed that this
approach is very simple and convenient to implement. However, there is a deviation
between the calculated values and the measured values. As a result, the reasons for
these differences as follow. During the operating condition, the machine parameters
in the equivalent circuit hardly to remain constant. Due to increase in temperature
both stator and rotor resistance increase linearly, relying on the temperature
coefficient of the resistance materials. Because of the harmonics, there is skin effect
that causes current crowding on the conductor, which leads to an increase in
resistance and decrease of inductance. Concludes that, within the parameters,
determination must be used indirect measurement methods and calculations from the
data given by the reference or by the experimentally measured speed-torque
characteristics. Moreover, because of this approach depending on motor nameplate

and catalog, it can be applied to many equivalent circuit modifications.

Sehra et al. (2012) and Baranwal et al. (2014), described a way to get the motor
parameters from the indirect test (no-load and blocked-rotor) and the motor
performance from Thevenin equivalent circuit parameters. In addition, generating a

graphical user interface (GUI) by using MATLAB program to obtain the
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performance graphs. In a no-load test, rated voltage and frequency is applied to the
stator terminals without any mechanical load. In a blocked-rotor test, applied 25% of
the rated frequency and voltage until rated current is reached. In both tests current,
voltage and power are measured at the motor input. After that, MATLAB is used to
get desired performance characteristics. The results of GUI have a better result of
various torque and decrease in the slip with an increase in efficiency. The graphs
characteristics are in the form of speed-slip, torque-slip, efficiency-slip, and torque-
speed. When compared the results with the normal operation have got on,
improvement in efficiency, maximum torque, starting torque, and decreasing in the

slip.

Ayasun and Nwankpa (2005), Pandey and Zope (2013), Basu (2015) and Hidayah et
al. (2013), presents a MATLAB/Simulink model for a three-phase induction motor
block. The motor model takes the inputs data from the tests result (no-load, blocked-
rotor and DC resistance). Thereafter, the model is simulated to give the equivalent
circuit parameters and operating characteristics. The induction motor block consists
of three blocks: the circuit-parameter estimation block, the torque estimation block,
and stator current-power-efficiency estimation block. The tests result shows that the
various operating characteristics; these characteristics will predict the operational

behavior of the motor.

Sangwan (2014), described a dynamic model and simulation of 40 hp three-phase
induction motor. dg0 axis transformation is used to normalized stator and rotor

parameters in the reference frame via MATLAB/Simulink.

Ratnani and Thosar (2014) and Soe et al. (2008), made a mathematical model for
small 3 hp induction motor in the arbitrary frame, to understand the behavior of the
motor in both transient and steady-state. Aktaibi et al. (2011), used the same model
above, but the difference is two different rating motors are tasted small 3 hp and
large 2250 hp induction motors. The simulation models are given both the torque and

speed characteristics.

Calis and Caki (2014), presents virtual instrumentation typed engineering workbench
(LabVIEW) software to design and develop an automated testing system for an
induction motor. The Data Acquisition Card (DAQ) takes the output data from the

experimental work; these data are used by LabVIEW user interface to find out the
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motor parameters. The main menu of LabVIEW user interface consists of eight
different tests that related to the motor parameters, equivalent circuit, and

characteristics.

Singhal and Garg (2012), a method for online parameters determination and
performance analysis for induction motor are proposed. The method used the virtual
instrumentation techniques with the help of DAQ, and all the estimation algorithms
are implemented in LabVIEW program. A new method presents called (Impedance
Method) to measure motor speed without any kind of sensor. By using measurements
of 4 sensors only at stator (input) side of the motor, online output power, torque,
losses, and efficiency are measured.

1.2.3 Parameter estimation based on numerical methods

Daut et al. (2009), assumed that the efficiency value that presents in the market is
84%. Also, assumed that the power factor value for the 5 hp induction motor is 0.80;
this method called backward calculation. The backwards calculation method is used
to calculate the parameters of the motor. Based on Daut’s work the value of each
parameter calculated is nearly the value of the manufacturer’s data. Moreover, noted
that when the capacity of the induction motor increases the value of resistance
decreases.

Wengerkievicz et al. (2017), presents a survey on the determination of circuit
parameter from non-standard tests and manufacture catalog data by using six
different analytical methodologies to improve the estimation results. The analytical
methods are applied to five different motors, the motors rated power is 7.5, 18.5, 37,
55, and 75 kW. The analytical methods are simple and no need for numerical
optimization routines; these methods are Natarajan-Misra’s, Haque’s, NEQ (for R1
and Pfw only), Sabharwal’s, Lee’s and Guimaraes’. Each method has own precision.
The smallest deviation for R1 can get from Guimardes’ method, for R2 NM method,
for Rc and Xm Haque’s method, for X1, X2, and Pconst Lee’s methods. Concludes
that every method has the strength and weak points and results that are more accurate
can be obtained by combining all methods into one method, to achieve smaller

average deviation.

Imecs and Incze (2001), shows a simple estimation procedure from the machine

nameplate. Analytical calculations based on two types of steady-state equivalent
7



circuits electrical and magnetically; these equivalent circuits yield the same results.
Two simulations of motor dynamic d-q model are used for validation; thus, the

simulation results are analyzed by the space-phasor theory.

Sangani (2015), suggested a new method to estimate the parameters and steady-state
performance of induction motor, based on the equivalent circuit. The data are taken
from the DC, no-load, and blocked-rotor tests. Numerical algorithm is used for
parameters estimation (using Newton-Raphson method). Therefore, determining the
steady-state performance of induction motor algebraically and graphically (using

circle diagram).

Lee et al. (2012), offered a new iterative method to estimate the induction motor
parameters using only the nameplate data and as regards motor behavior, typical
assumptions are made. The proposed iterative solution method is containing a set of

eight simultaneous equations solved by Gauss-Seidel algorithm.

Shaw and Leeb (1999), the authors’ present three techniques for estimating the
electrical and mechanical parameters of an induction motor. The methods depend on
the initial estimation of the transient stator current measurements. The first two
methods are used to estimate the electrical parameters; these methods are an
Extrapolative method and Equation error method. The last one is to estimate the

mechanical parameters of the motor; this method is General identification method.

Zamora and Garcia-Cerrada (2000), proposed that a method to estimate the motor
parameters on-line and with using only stator voltage and current measurements. A
set of algorithms such as moving average (MA) filtering, ordinary least squares
(OLS) and total least square (TLS) used to identify the stator parameters. These
parameters are stator resistance, stator inductance, and leakage inductance. Dynamic
model used for 15 kW an induction motor. It has been found that, to estimate the
stator parameters three motor operating region needs for the purpose of estimation.
The stator resistance can be estimated when the rotor speed is very low, and torque is
high, stator inductance estimation is possible at any rotor speed and low torque,
finally, leakage inductance can only be accurately estimated if rotor speed and torque

are high.

Natarajan and Misra (1989), Haque (1993) and Guimardes (2014), developed an
approach to estimate induction motor parameters from the nameplate data and
8



manufacturer catalog data. Natarajan’s method was the first papers on determining
parameters from manufacturers’ data by using a spreadsheet to solve a system of
linear equations to find the motor parameters. Haque’s method used these data to
develop a set of nonlinear equations and solve it by an iterative Gauss-Seidel
method. Guimaraes’s presented a novel methodology to obtain the parameters from

straight and non-iterative equations.

1.3 Thesis Outline

This chapter shows the purpose of this work and a summary of the existing work
being done on three-phase induction motor parameters and performance estimation.
In Chapter 2, an overview of three-phase induction motor has been described such as
steady-state, dynamic (mathematical) model, and transient model are introduced for
the equivalent circuit beside the standard that related to an induction motor. In
Chapter 3, demonstrates off-line and on-line proposed approaches to estimate motor
parameters and identify motor performance. In Chapter 4, parameters and
performance results from manufacturer data, experimental tests, and software
simulation are evaluated and compared. In Chapter 5, methods explained for
performance estimation study. Finally, Chapter 6 concludes with a brief summary of

what the working end with and recommendations.






2. OVERVIEW OF THREE-PHASE INDUCTION MOTOR

2.1 Introduction

In 1891, Nikola Tesla presented an elementary form of polyphase induction motors.
Two years later, Dobrovolsky exhibited a three-phase induction motor with a squirrel
cage. Since then, many scientists and developers attempted to make detailed
improvements to the induction motor. The induction motor has some limitations,
e.g., inherent speed and power factor. Nevertheless, 85 % of the induction motors are
used in industries (Say, 1976).

2.2 Steady-State Theory and Performance

2.2.1 Construction and operation principle

According to the National Electrical Manufacturers Association (NEMA) defines
“An induction machine is an asynchronous machine that has a magnetic circuit
interlinked with two electric circuits, or sets of circuits, rotating with respect to each
other. Power is transferred from one circuit to the other by electromagnetic
induction” (NEMA MG-1, 2012).

Figure 2.1 shows, a three-phase induction motor. An induction motor has two main
parts, the fixed part, called stator; it consists of a core made up of laminations
carrying slot-embedded conductors.

Figure 2.1 : Induction Motor (Siemens, 2003).
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The moving part, called rotor as shown in Figure 2.2, air gap separated the rotor from

the stator, and the rotor mounted on bearings. The rotor is either a squirrel cage type

or wound rotor type.

Table 2.1 : Difference between Slip Ring and Squirrel Cage Induction Motor (Url-

1).

Slip ring or phase wound Induction
motor

Squirrel cage induction motor

Construction is complicated due to the
presence of slip ring and brushes.

The rotor winding is similar to the
stator winding.

We can easily add rotor resistance by
using slip ring and brushes.

Due to the presence of external
resistance, high starting torque can be
obtained.

Slip ring and brushes are present.
Frequent maintenance is required due
to the presence of brushes.

The construction is complicated, and
the presence of brushes and slip ring
makes the motor more costly.

This motor is rarely used only 10 %
industry uses slip ring induction motor.

Rotor copper losses are high and hence
less efficiency.
Speed control by rotor resistance
method is possible.
Slip ring induction motor is used where
high starting torque is required in
hoists, cranes, and elevator.

Construction is very simple.

The rotor consists of rotor bars, which
are permanently shorted with the help
of end rings.

Since the rotor bars are permanently
shorted, it is not possible to add
external resistance.

Staring torque is low and cannot be
improved.

Slip ring and brushes are absent.
Less maintenance is required.

The construction is simple and robust,
and it is cheap as compared to slip ring
induction motor.

Due to its simple construction and low
cost, the squirrel cage induction motor
is widely used.

Less rotor copper losses, and hence
high efficiency.

Speed control by rotor resistance
method is not possible.
Squirrel cage induction motor is used
in lathes, drilling machine, fan, blower,
and printing machines.
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Rotor bars
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End ring

End ring

Slip rings

Shaft
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Variable
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phase windings

= External
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(b)

Figure 2.2 : (a) the squirrel-cage winding of a cage rotor of an induction motor and
(b) Hlustration of a three-phase wound-rotor winding with slip rings (Turan, 2012).

When applied three-phase current to the motor, the stator produces a rotating
magnetic field, due to the moving magnetic field, currents are induced in the closed
rotor circuit. The rotor magnetic field runs at a stator frequency, and the rotor shaft
speed is not in synchronism with the rotating stator frequency. In this case, the
difference between the speeds defined as a slip. In the most induction motors, the slip
value varies from 1 % to 5 %. The interacting of the stator magnetic field with the
rotor magnetic field caused a torque on the rotor, that torque gives the rotor the
needed movement (Jones, 2013). Slip equation can express by the following

equation:
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S=—" (2.1)

2.2.2 Types of the induction motor

The induction motors are classified based on the number of the stator windings, and
they are single-phase induction motor and three-phase induction motor (Parekh,
2003).

Table 2.2 : Difference between single-phase and three-phase induction motors (Url-

2).
Basis Single-phase Three-phase
Supply Uses single-phase supply Uses three-phase supply

Not self-starting, need

Starting - A Self-starting
auxiliary winding
Starting Torque Low High
Maintenance Easy to repair and maintain Diffiges to repair and
maintain
Simple in construction,
reliable and economical as Complex in construction
Features
compared to three phase and costly
induction motors
Efficiency Less High
Power factor Low High
They are mostly used in Three phase induction
domestic appliances such as motors are mostly used in
Examples . . . .
mixer grinder, fans, industries
COmpressors

2.2.3 Equivalent circuit

Assume that a balanced wye connection, the currents applied are the line values and
the voltages are the line-to-neutral values. When the current is applied to both stator
and rotor windings, the resultant rotating magnetic fields in the air gap are rotating at

the same speed, and they will develop air gap field rotating at the synchronous speed.
2.2.3.1 Exact equivalent circuit

2.2.3.1.1 Stator circuit model

In the Figure 2.3.a, shows the stator equivalent circuit. Because of the voltage drop
due to the leakage impedance, the stator terminal voltage differs from the induced

voltage in the stator windings.
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Figure 2.3 : Development of an induction motor per-phase stator and rotor-
equivalent circuits (a) stator equivalent circuit, (b) actual rotor circuit, (c) rotor
equivalent circuit, and (d) modified equivalent rotor circuit (Turan, 2012).

The stator voltage can be given in phasor form as
Vi = E; + L(Ry + jXy) (2.2)

I, and |, represent the load component (rotor current) and excitation component,
respectively, that separated from the stator current I;. Thus, the load component
(rotor current) 1, produces the necessary mmf that rotates the rotor. The air-gap flux
is the resultant of the excitation current l,. Thus, the excitation impedance is low and
therefore |, it can be as high as 30%-50% of the full-load current. In the shunt branch
of the equivalent circuit, there are two main components per-phase stator core-loss

resistance R. and per-phase stator magnetizing reactance Xp,.

2.2.3.1.2 Rotor circuit model

In the Figure 2.3.b, shows the exact rotor circuit operating under load at a slip s. The

equation of the rotor current per phase can be expressed as
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The Figure 2.3.b shows that the impedance per-phase is R, + jsX; and the induced
emf sE, produced the current I,. Therefore, the total rotor copper loss can be written

as

Prcu = 3IZZRZ (2.4)

By dividing both the numerator and the denominator of the equation 2.3 by slip s, it
can be rewritten as
- E,

2= (R2/s) + jX; (2.5)

As a result, equation 2.5 represents the rotor equivalent circuit that shown in (Figure
2.3.¢). In equations 2.3 and 2.5, the magnitude and phase angle of I still unchanged
.The current I, in equation 2.3 is at slip frequency f,, while the current I, in equation

2.5 is at line frequency f;.

In general, the slip is the difference between the synchronous speed of the magnetic
field, and the shaft rotating speed. Therefore, every parameter has related to slip can
changes with speed, such that the rotor leakage reactance sX; in equation 2.3 and the

resistance R, in equation (2.5).

2.2.3.1.3 Complete equivalent circuit

The Figure 2.3.a, 2.3.c, and 2.3.d have the same line frequency f;. Thus, it can draw
the figures together. If however, the turns in the stator winding are different from the
rotor winding; the E; and E; are different and the turns ratio a needs to be taken into

account as shown in (Figure 2.4.a).

Ny
a= "y, (2.6)
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Figure 2.4 : Induction motor per-phase equivalent circuit: (a) transformer model of
the induction motor, (b) exact equivalent circuit, and (c) alternative form of the
equivalent circuit (Turan, 2012).

From the Figure 2.4.b and 2.4.c, note that the rotor parameters use the stator-referred
quantities. Therefore,
1

1_|_.1+ 1

R_ ]X R, L
©om sy, 2.7)

Zin= 71+ (22//Zap) = R1 +jx +

=R +jX1 + Rap +JjXap = Rin +JjXin

(2.8)
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Ip = R Ix. (2.9)
Z
Ey= aE, = E} = V; = (2.10)
mn
R; = a’R, (2.11)
X; = a*X, (2.12)
,(1—s ) 1-s5
Rz( 5 )=a Rz( 5 ) (2.13)
— V_1<Rin .Xin> — T
I1=—|——j5]|=1,cosf; +jl;sinfb
1= 7\Z., J Zo 1 1T 1 (2.14)

By the omitted the resistance R. and lumping the core loss with the friction and
windage losses, the equivalent circuit can be simplified as shown in (Figure 2.5).

P
g
rF—_———- —
| 3
E Ry + X " :
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| X, I
YI, : -
|
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Vl 3 Xm | Tz
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Air|gap |
|
| e

Figure 2.5 : Exact equivalent circuit omitted the core-loss resistor (Steinmetz model)
(Turan, 2012).

2.2.3.2 Approximate equivalent circuit

The equivalent circuit can be simplified with quite little loss of accuracy, by
assuming that V1= E;=E,, it can move the magnetizing (shunt) branch to the machine
terminals as shown in (Figure 2.6). Furthermore, more simplified can be achieved by

omitting the resistance R.
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Figure 2.6 : Approximate equivalent circuit (Turan, 2012).

. 3VZR,
d = 7
2m (%) ((R1 #5224 (x, X;)Z) s (2.15)
f=—
Ry , . , (2.16)
(R1+-3) +jX1+ X2)
r.nh_
o= R. ]X_m (2.17)
L=+, (2.18)

2.2.4 Performance calculations

Power, torque and efficiency equations are essential to determine the performance

and parameters of an induction motor (Hindmarsh and Renfrew, 1996).

2.2.4.1 Power equations

Figure 2.4.c shows that the equivalent circuit of an induction motor, and thus power-
flow diagram can be shown in (Figure 2.7). The electrical input power to the motor

stator can be written as,
Py, = P, =3V, cos @, = V3E; I, cos @, + Stator loss (2.19)
The total stator copper losses are

Pyey = 317 R, (2.20)
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The total core losses can be found from

_ 3E?

Feore = 3ElzGc R (2.21)
c

Therefore, the total air-gap power given by

Pg = Py _Pl,cu — Peore

(2.22a)
or
R, 2Ry
P, = 313 — =3 = V3E, I} cos 6, (2.22b)
(Pg) (Pyor Py
1 I \
I I
: ! Mechanical
Al 1 Developed power output
Ir-gap  mechanical (shaft power)
P, =3V, I, cos® =P p
in L1y €os 1 pOx:ver pO\INer (pmtt or Py, ft)
|
Electrical Stray
power input Friction and X
Rotor ; loss
(P;, or Py) Core windage loss p
Statolr losses col(:;jp))er 1;)55 (Prw) stray
CO[()II;H )oss (Poore) 2, cu
1, cu

Figure 2.7 : Power-flow diagram of an induction motor, (Turan, 2012).

The total rotor copper losses are

P2,cu = 3122R2 = SPg

(2.23)
Thus, the total mechanical power developed can be expressed as
1-s
Py=Pp=P —Pyoy=P,(1—5) = (T) 3IZR,
1-s (2.24)
- ( S )Pz’cu
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If the core losses are assumed to be constant, and the friction and windage losses and
the stray losses are known, it can sum them together to get the rotational losses by

the following equation

Prot = Feore + Prw + Pstray (2.25)

Therefore, the output power can be written as
Pout = Pg = Prot (2.26)

2.2.4.2 Torque equations

The developed torque can be expressed by dividing the developed power by the shaft

speed. Therefore,

3P, 3P,(1—s) 3B, 3IZR,

T, = = = =
3 ws(1—=5) ws Swg (2.27)
The output torque (shaft torque) is
Pout
Tout = o, (2.28)
2.2.4.3 Efficiency equations
The efficiency of an induction motor can be determined from
— Pout — Pout 229
PL’ Pout+Ploss ( )

2.3 Transient and Dynamics

2.3.1 Mathematical description

A three-phase induction machine shown in Figure 2.8 has six windings, three
distributed in the stator and three distributed in the rotor. Where the stator phases can
be described them in letters a, b, and c, and the rotor phases are A, B, and C. The self
and mutual inductances between the stator phases and rotor phases are constant if

assumed that the machine is cylindrical. Moreover, the values of mutual inductances
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between the stator and rotor coils are variables, and they are functions of rotor
position.

W axis of rotor-phase A

axis of stator-phase b

N\ 6

d-axis

\)“\ v‘
000 ——

e h axis of stator-phase a

// VL,+)J @

axis of stator-phase ¢

axis of rotor-phase C

Figure 2.8 : ldealized three-phase induction machine.

The effect of teeth and slots considered to be neglected, thereby space mmf and flux
waves are sinusoidally distributed. The stator and rotor phases are connected either a
wye or a delta, and they are balanced. The rotor structure can be a squirrel-cage or a
wound-rotor. For both structures, the rotor windings are short-circuited; thereby the
rotor-terminal voltages Va, Vg, and V¢ become zero.

The Figure 2.8 shows that, the magnetic axes of the stator and rotor phases, and
shows when the rotor turns there is displacement angle 6, between the rotor phases
and the stator phases, it varies with time, at constant rotor angular velocity w,, or

constant slip s.

0; = wyt=(1-s)wt (2.30)
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The following equations give the voltage relations of the stator and rotor windings:
vy = pAy 1y (2.31.a)

Uy = ply + 1oy (2.31.b)

From values of the maximum mutual inductance between any stator phase and any
rotor phase M, and the per phase and mutual inductances between the stator windings
L and My, and the rotor windings L, and M,, the flux-linkage equations can be given

as the following:

Stator:

Ag = Lyig + My (ip + i) + M[is cos 8, + ig cos(6, + 1207)
+ ic cos(6, — 1207)] (2.32.2)

Ap = Lyip + My (ig + i) + M[iy cos(8, — 1207) + ig cos 6,
+ ic cos(8, + 1207)] (2.32.b)

Ae = Lyi, + My (ig + ip) + M[iy cos(8, + 120°)

+ ig cos(f, — 1207) + i cos 6,] (2.32.c)
Rotor:

Ay = Lyiy + My(ig + i) + M[i, cos 8, + iy, cos(6, — 1207)
+ i, cos(8, + 120)] (2.33.2)

Ag = Lyig + My(iy +ic) + M[ig cos(6, + 1207) + ij, cos 6,
+ i, cos(f, — 1207)] (2.33.b)

AC = inc + MZ(iA + LB) + M[la COS(HZ - 1200)

(2.33.0)

+ i, cos(6, + 120°) + i, cos 6,]

In general, there are no zero-sequence currents in almost all induction machines

because there is no neutral connection, and can be assumed that:
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lg+ip+ic=0 (2.34.a)

iatip+ic=0 (2.34.b)

The self-inductance of stator windings and rotor windings can be describe them as
Ly =L —M, (2.35.a)

Ly; = L, — M, (2.35.b)

From equations 2.34 and 2.35, the flux-linkage can be simplified as

Stator:

Ag = Lyqig + M[iscos B8, + ig cos(B, + 1207) + i, cos(8, — 1207)] (2.36.2)
Ap = Lqqip + M[iy cos(6, — 120%) + ig cos 6, + ic cos(f, + 1207)] (2.36.b)
A = Lyqic + M[igcos(0, + 1207) + ig cos(6, — 120°) + i, cos 8,] (2.36.0)
Rotor:

Ay = Loyiy + M[ig cos 8, + ip, cos(6, — 1207 + i, cos(6, + 1207)] (2.37.2)
Ag = Lyyig + M[i, cos(8, + 120°) + i}, cos 8, + i, cos(6, — 1207)] (2.37.b)
Ac = Lypic + M[ig cos(8, — 120°) + i) cos(8, + 120°) + i, cos 6,] (2.37.¢)

Because 0, is a function of time, the flux-linkage expressions in equations 2.36 and
2.37 are an algebraically complicated set of nonlinear differential equations.
However, this algebra can be simplified by applying the proper transformation to get
linear equations for all constant-speed cases. One of the methods is to split the air-
gap mmfs into two perpendicular axes (d-axis) and (g-axis). The properties of these
axes are, the d-axis is synchronized with the phase-a axis at t = 0, the d-axis is
displaced from the phase-a axis at any time by ot, the g-axis is located 90 electrical
degree ahead from the d-axis in the direction of rotation. From dg-axes, the new

stator-current iq and i1 are given as follows:
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i1q = kq[iq cos wt + i, cos(wt — 120°) + i, cos(wt + 120°)] (2.38.2)
i1q = —kg[ig sinwt + ip sin(wt — 1207 + i, sin(wt 4+ 120)] (2.38.h)

By replacing the constant kq and Kq by 2/3, can get the matrix form of the currents as

—sinwt —sin(wt —120°) —sin(wt + 120°)||i»
1/2 1/2 1/2 Ic

i1a] | coswt  cos(wt— 120")  cos(wt + 120°) i,
[‘y] =3 [ ] (2.39)
l1o

Because of the zero-sequence current component, ii is zero due to equation 2.34.a,

the phase current components can be given in terms of d, q, 0 components as follows:

ig cos wt —sinwt 17 r1i14
[lb‘ = [COS((I)t - 1200) - sin(wt - 1200) 1] [ilq] (240)
I cos(wt +1207) —sin(wt +1207) 11 Liy,

Because the currents i1g and iiq can produce the same magnetic field as the actual
phase currents, the flux-linkage and voltage transformations can use the same
transformation matrix of the currents. So, the equations 2.39 and 2.40 can be written

for the flux-linkage A by replacing i, and for voltage v by replacing i.

Let the displacement angle between the rotor phase-A and the d-axis is 6.

de,
dt

Now, the rotor-currents dg-component can be given as

l2q]| = 3| sinés  —sin(6; - 120") —sin(6s + 1207)
1/2 1/2 1/2

i
ic

i2a] o[ cosbs  cos(f— 120°)  cos(6s + 120°) |ri4
[ ] [ ] (2.42)

Lo

Because of the zero-sequence current component, iy IS zero due to equation 2.34.b,

the phase current components can be given in terms of d, g, 0 components as follows:

iy cos 6, — sin 6, 1] 1iyg
[lB‘ = COS(BS - 1200) - Sil’l(@s - 1200) 1 [iZq] (243)
lc

cos(f; +1207) —sin(f; + 1207) 1] Lizg
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Once again, the rotor flux-linkages and rotor voltages can be written in the same
transformation matrix in the equations 2.42 and 2.43, by replacing once i with A and

once i with v.

Can replace the angle 6, in equation 2.30 with the following

0, = wt —0; (2.44)

By simplifying, the flux-linkage equations can get

Stator:
g = Li1iig + Liaiag (2.45.a)
A1g = L11l1q + Lilzg (2.45.b)
Rotor:
Aza = Lyizq + Li2ig (2.46.a)
Azq = Laalzq + Liziag (2.46.b)

where L;2 = (3/2) M. From the equations 2.31 and 2.39 can get the dg-component of

stator and rotor voltages in terms of flux-linkages as below

Stator:
Vig = Tilig + pAig — whig (2.47.9)
Vig = Niig + phig — WAiq (2.47.b)

Rotor:
Vaq = Talaq + pAzqa — A2q(P6s) (2.48.9)
Vaq = T2l2q + PAag — A2a(p0s) (2.48.b)

Equations 2.45 to 2.48 represent the idealized induction machine relations for the

purpose of analysis in dg-variables. Induction machine works as a motor with a
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positive value of the slip s, when (p0s) IS positive; as a generator with a negative
value of slip s, when (p6s) is negative. equations 2.47 and 2.48 become linear
differential equations with constant coefficients if the rotor speed is constant and

(pBs) is constant.

In equations 2.47 the value of pAiq and pAyq are neglected because when are compare
it with the value of wAiq and wlig are usually small. Additionally, r; used in the

steady-state analysis, while they are frequently neglected in the transient analysis.

The equation of instantaneous power input to the stator can be given by

P1 = Vqlg + Vplp + Vcic (2.49)

The instantaneous power in terms of dg-variables, as following

3
P1=5 (V1al1a + Vigliq) (2.50)

Eremia and Shahidehpour (2013), “The electromagnetic torque developed is obtained
as the power associated with the speed voltages (the instantaneous rotor power
obtained by neglecting the winding losses and the transient mmf) divided by the shaft
speed in mechanical radians per second.” From equations 2.48 the power associated
with speed-voltage can be given as

E [_AZQiZd(pgs) + AZdiZq (pes)] (2.51)
For the motor action, (p8s) will be positive and rotor rotation goes inversely with the
synchronously rotating of dg-axes; therefore, the quantity [-(p6s)2/p] is the
corresponding speed. The electromagnetic torque can be expressed as

T =

N w
N

(A2qiza — A2aizq) (2.52)

The torque production can come from the interaction between the magnetic fields of

dg-axes. The required acceleration for rotating mass can be given as

_ dw, _d?*6,
Tinertia = ]W =] dt2 (2.53)
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where J is the moment of inertia, 6y IS the shaft-position angle, and o is the shaft

angular velocity.

2.3.2 Transient of an induction machine

Let assume that a three-phase short-circuit occur at the terminals of an induction
machine. The machine will feed the fault with current, by the time the fault current
decay to zero due to the trapped flux-linkage with the rotor circuits. In this case, the
voltage equations 2.47 and 2.48 can be simplified to get the initial magnitude. In
equation 2.47, the stator-phase resistance r; and the pAig and pAyq can be neglected,
also ignoring the dc components in the short-circuit current. In equation 2.48,
because the slip value is small, the speed-voltage terms d,q(p8s) and A2q(p8s) could be

ignored. Now, the voltage equations 2.47 and 2.48 can be written as

Stator:
Vig = —WA1q (2.54.2)
Vig = WAig (2.54.b)

Rotor:
Vaq = T2lzq + pA1g =0 (2.55.a)
Vyq = Talzq + pAig =0 (2.55.b)

The equations 2.55 are set to be equal zero to indicate which rotor type (squirrel-cage

rotor or wound-rotor) with the short-circuit slip rings.

Solving for i,4 from equation 2.46.a can get

. Azq — L1l14
l2a = T L, (2.56)

and substitute it in equation 2.45.a, can get

2
. Ly o, b2
A1a = <L11 - £> lig t+ Li/lm = L'iyg + A (2.57)

22 L22
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where

L'=1L; -+ (2.58)

Aig =Liyg + Lzzl (2.59)

The quantity L is known as “Transient inductance.

The voltages viq4 and viq and the stator-flux linkages Aiq and Aaq in equations 2.54
become zero when the three-phase short-circuit occur at the terminals. The dc
component of the stator current is ignored by neglecting the terms pAiq and pAg,
which is physically prevents Aiq and Ay from the sudden changes. Under these
conditions, A14 and A1q are equal to zero to maintain the rotor-flux linkage constant at
their initial prefault values Azq0 and Azqo. From equations 2.57 and 2.59, the stator

components currents will be

. (L12/L2z)
lig = _—12L’ 22 A2d0 (2.60.a)
. (L12/L2)
i1g =~ Azqo (2.60.b)

After the short-circuit at t = 0, the equations 2.60 are reached their initial values
immediately; these values will continue to exist if there is no rotor resistance to cause

their decay. The rms stator current is given by

l1q i Ly, <12d0+ AZqO)

L =1 +'I—
1= hatihe = G G w0\

(2.61)

where referred to X = oL as (Transient reactance). The (Initial symmetrical short-

circuit current) are called to the rms magnitude of I, and its given by

hl=go % A0 + 30 (2.62)
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2.3.2.1 Decay of the short-circuit current

Short-circuit current decay at a time to zero due to the rotor resistance r,. By
studying the effect of the decay of rotor currents iyq and i»q, can find this decrement.

Let substitute A,q from equation 2.46.a into equation 2.55.a, one gets

T2lzq + La2piza + L12plsg = 0 (2.63)
By making 1,4 = 0 from equation 2.45.a

L12 .
— 1 e (2.64)

11

lig =

Substituting the above i14 in equation 2.63 can get

g +— (1 L1, Lyypisg = 0
T2l2d L\ L, 22Pl2a = (2.65)
or
. L L2208l
lZd+L11 r, dt (2.66)

The quantity [(L’/Li1).(L22/r2)] is known as “Short-circuit time constant” T°.
Moreover, the quantity (Lz2/r2) is known as “Time constant of the rotor circuit alone”
To. Once the stator is open-circuited, To is responsible for the decay of rotor
transient. Can express T in terms of Ty as
T L' Ly, T L T X'
Ly, Ly %Xp (2.67)
In the present discussion note that the DC component of the short-circuit current has

been ignored.

2.3.2.2 Transient equivalent circuit

During the prefault operation conditions, can evaluate the flux-linkage X240 and Aaqo

of the machine and develop a transient equivalent circuit of an induction machine.
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Before short-circuit, let the rms stator-phase currents be I with its dg-components
ligo and lygo given by i1a/V2 and iiqo/N2, respectively. For prefault conditions,
equation 2.57 can be written and multiply by » and can get

L12

— = wAigo — X'i
szz A2q0 = WA1q0 Liao (2.68)

According to equation 2.54.b, w140 can be replaced by viq, and equation 2.68 can

be expressed in phase form by

Ly X200 -
w———==Vy50—X'I 2.69
Ly V2 1q0 1do (2.69)

where Vi is equal to vlqo/\/z. Similarly, equation 2.59 can be expressed by

L12 I2qO = =
w——= V50— X'I 2.70
Ly V2 1d0 1q0 (2.70)

By combining equations 2.69 and 2.70 can get

L12 (/_12(10 + .ZZqO

i r e =
(I.)E ﬁ ] \/E>=]_'[(V1d0 +]V1qo)_]X (11d0+111q0)]

L (2.71)

1 — _
:—,V —'X’I :—,E
](10 ] 10) ] 1

where V,, is the prefault rms terminal voltage. E; is known as “The initial voltage

behind the transient reactance”; it is proportional to the rotor-flux linkages, is given

by
Ey =V —jX'Ty (2.72)

Equation 2.62 shows the rms magnitude of the initial symmetrical short-circuit

current; now, in prefault conditions can be given by

I =E1/X’ (2.73)

At any time t after the fault, the rms magnitude of the initial symmetrical short-

circuit current can be expressed as
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| = —Lo-t/T
1 X e (2.74)
ri JX'
o > AN ~Jo0 O
+ T +
I;
Vi £
o o

Figure 2.9 : Simple transient equivalent circuit of an induction machine (Sarma,
1985).

Since the transient behavior of an induction motor is foregoing discussed, Figure 2.9
can represent the simple transient equivalent circuit of the induction motor; ry is the

stator-phase resistance and X is the transient reactance.

2.4 NEMA Motor Standard Design

Performance characteristics are the key for NEMA to classify the squirrel-cage
induction motor to 4 designs. Design A, designed to withstand full-voltage starting
and develop a starting torque of 110-120%, starting locked rotor current of 6-10
times rated, and having a slip at rated load of less than 5%. Design B, similar to
design A motor with the same starting torque, however, the locked rotor current is
limited to five times. Design C, designed to withstand full-voltage starting,
developing a high starting torque of 200% and locked rotor current less than the
standard type of motor, and having a slip at rated load of less than 5%. Design D,
designed to withstand full-voltage starting, developing a very high locked rotor
torque of 300%, low lock rotor current, and having a slip at rated load of 5% or

more.
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Table 2.3 : NEMA classes of squirrel-cage induction motor (Karmakar et al. 2016)

Design A Design B Design C Design D

Normal starting Normal starting High starting High starting

torque. High torque. Low torque. Low torque. Low
Properties starting current.  starting current. starting current.  starting current.

Low operating  Low operating High operating

slip. slip. slip.

Fan, pump load For constant Compressor, For driving an

etc. where speed drive conveyors, intermittent

Uses .
torque is low at  such as a pump, crashers etc. load, e.g. punch
the start blower press etc.

2.5 IEC Motor Standard Classification

Worldwide, energy saving and motor efficiency are crucial factors; thus, researchers
and developers are continually working on. According to (Almeida et al., 2008), in a
single year, the energy cost can be up to 10 times the purchase cost due to motor
efficiency. The International Electrotechnical Commission (IEC) has published an
International Efficiency (IE) standard that stipulates the energy efficiency of low-
voltage AC motors, by established 4 efficiency classes for three-phase induction

motors depending on efficiency as presented in the (Table 2.4).

Table 2.4 : Efficiency classes for induction motors (IEC 60034-30-1, 2014)

Class Number Class Type
IE1 Standard efficiency
IE2 High efficiency
IE3 Premium efficiency
IE4 Super premium efficiency

The efficiency graphs of IE standards can be shown in (Figure 2.10). Each motor
class has efficiency range; for instance, the motor that used in this thesis is 2.2 kW
class IE2 and his efficiency is 84.3 %.
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Efficiency %
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Rated Power kW

Figure 2.10 : IE efficiency classes of 4-poles motors (Url-3)
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3. METHODOLOGY

3.1 Off-Line Parameters Estimation

To calculate the parameters of an induction motor understanding of equivalent circuit
are important. In general, there are three common types of equivalent circuit as

shown in (Figure 3.1).

I R, JXi I R jX'
o———A\N—000 > A4 goo™
b

IC I}H
f1-s
Vl RC Xm ?R 2( S_)

(@)
I Ry 28 I’y R JX%
o —ANN—T00 ' B AMN—TO0
+ I
1—
Vl Xm ?R ,2( S S)
o
(b)
L R, JX, I, 2 JX'
o » ANN—T00 > ANNN—T000
+ YI,

I i -
e Ie(2)

(©

Figure 3.1 : Types of induction motor equivalent circuit (a) Exact equivalent circuit,
(b) Exact equivalent circuit without core loss, (c) Approximate equivalent circuit.
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3.1.1 DC test

From the DC test can calculate the winding dc resistance by applying DC voltage to
the two phases of the induction motor and then increased the input DC voltage until

the current reached the rated value.

Current limiting
Resistance

Figure 3.2 : Three-phase induction motor DC test.

Then from the measuring, the DC voltage and DC current can calculate the dc
resistance. Bhattacharya (1998) mentioned that the AC effective resistance is higher
than the DC resistance; thus, should multiply it by the factor between 0.9-1.8

depending on the motor size as in equations below

Vdc
Rac =5 I (3.1)
Ry =14 X Rg (3.2)

3.1.2 No-load test

In the No-load test can measure the voltage, current, input power, and power factor,
by applying a three-phase rated voltage to the motor stator and the motor run freely

without any load.
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Figure 3.3 : Three-phase induction motor No-load test.

Then, calculate the parameters th

at related to the stator part, fixed losses (friction and

winding + core losses) and the values in the magnetizing part.

A 4

Rl jXI
AN—TO——p———
A 4 ]e
IC IH!
R, X

m

ol

(b)
11
g Y 10
Ic Im
V.
! R(' Xm
(©

Figure 3.4 : No-load test equivalent circuit (a) Exact, (b) Exact without core loss, ()

Approximate.
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3.1.2.1 Exact equivalent circuit

Calculate phase voltage for per phase circuit

VL—NL
Vp-ni = W
No-load Impedance = X;+Xn,
Vp_n1
ZNL - Ji
NL
No-load power factor
Pin—NL
PFy, = ————
RRE

Voltage across magnetizing branch

Magnetizing current through Xp,

L, = Iy, X sin(acos(PFyy))

Core current through R

IC=INLXPFNL

Value of core resistance

Vi
Re =—
Value of magnetizing reactance
Vin
Xy = —
m Im
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Calculation of X; using an approximation, i.e. Znl=X1+Xm
X1 =2y, — Xm (3.11)

3.1.2.2 Exact equivalent circuit without core loss

In this type of circuit the equations it will be the same of the exact circuit except that

the magnetizing current will be

= InL (3.12)

I
and I and R, will be zero.

3.1.2.3 Approximate equivalent circuit

Also here, the equations will be the same as the exact circuit, but the value of the

voltage across the magnetizing branch will be

Vin = Vponi (3.13)
and the X; will be found during the blocked-rotor test according to the motor class.

3.1.3 Second no-load test

From the first no-load test, the slip value is approximately zero, this might be not
accurate to estimate the stator parameters. A second no-load test obtained to get more
accurate results by rotating the induction motor in the synchronous speed via DC
machine; consequently, the slip value now is exactly zero. Motor parameters can be
calculated by the same equation in the first no-load test. Figure 3.5 illustrates the

corrected no-load test.

Three-phase
Supply

Figure 3.5 : Corrected no-load test
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3.1.4 Blocked-rotor test

In blocked-rotor test can measure the line voltage, rated current, input power, power
factor, and frequency, by applying a three-phase voltage to the motor stator until the

current reached to the rated value with block the shaft rotation.

O
U

b (
R e A

G

Figure 3.6 : Three-phase induction motor blocked-rotor test.

a

Three-phase
Supply

Then calculate all parameters that related to the rotor part. After finding the induction

motor parameters, it is easy to find the performance of the motor by calculating the
power relations and the efficiency.

I R X1 R X'
o—r—ANN 000 M 000
M

Vi

Figure 3.7 : Blocked-rotor test equivalent circuit.
3.1.4.1 Exact equivalent circuit

Full load phase voltage

_ Vi-sc
Vp_sc = W (3.14)
Calculating R, from copper losses
_ Pysc —3IFR;
R, = (3.15)

312
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Full load equivalent impedance

7 — VP—SC

s¢ Isc (3.16)

Full load power factor

Pin—SC
PFSC = "
‘/§VL—SCISC (3.17)
Calculation of X,

X, = \/Z_sgc —(Ri+R)*— Xy (3.18)

3.1.4.2 Exact equivalent circuit without core loss

Equations are the same as the exact circuit.

3.1.4.3 Approximate equivalent circuit

Due to the same circuit in this test, the equations will be the same except that the full
load reactance should be calculated

Full load equivalent reactance
Xsc = Zsc % sin(acos(PFsc)) (3.19)

then, Table 3.1 shows the relationship between X; and X, for the most common

types of induction motors.

Table 3.1 : Empirical distribution of leakage reactances in induction motors (IEEE
Standard 112).

Motor class Fraction of X;+X»
X1 X

A 0.5 XrL 0.5 XrL

B 0.4 XL 0.6 XgL

C 0.3 XpL 0.7 XrL

D 0.5 XgL 0.5 XpL
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3.1.5 Thevenin equivalent circuit

Thevenin's theorem states that “Any linear circuit that can be separated by two
terminals from the rest of the system can be replaced by a single voltage source in
series with an equivalent impedance” (Chapman, 2005). Calculating Thevenin
equivalent voltage by open-circuited the end terminal, and calculating Thevenin
equivalent impedance by short-circuited all voltage sources, as indicates in (Figure
3.8).

“——n -——
| |
I R+ X ' !
o AN OO : 00—
N | | fXg ]2
[ﬁ‘ | |
| |
' I thr | RZ
Vl IXm | | -
| |
| 1/[11 |
| |
- Stator I | Rotor
O — t }
A1r|gap | |
| |
e — 1 Lo —»
(a)
R+ X
AN 000 o
g jXIH
o
(b)
Rn’r + jXUz jX'_’
NN 000 o D00 >

(c)

Figure 3.8 : (a) Thevenin equivalent circuit of the induction motor, (b) Thevenin
equivalent circuit of the stator circuit, (¢) The resultant Thevenin circuit (Turan,
2012).
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Calculating Thevenin equivalent voltage

Xm
Vin = Ve-n1 (X F X )
1 m

Calculation of Thevenin resistance

2

X
Rth:Rl(X J:nx)
1 2

Calculation of Thevenin reactance
Xen = X1
Calculating starting torque of the motor

. h 3VAR,
SETE T ws[(Ren + R2)% + Xen + X2)2]

Slip for maximum torque

R,
VRE, + (X, + X5)2

Smax =

Calculating maximum torque

3V3,

Thax =

2w [Rth + VR + (X + Xz)z]

3.2 On-Line Parameters Identification

(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

Walker (1921), was the first references that described on-line machine condition

monitoring for diagnosis of motor faults by using a measurement system contain data

and theoretical bases. By the time, the technological maturity in the area of sensing,

DAQ, and integration communication equipment gives the possibilities for

continuous monitoring. Table 3.2 shows the advantages and disadvantages of

condition monitoring.
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Table 3.2 : Advantages and disadvantages of condition monitoring

Advantage Disadvantage
Predict failures before they occur Higher upfront cost for monitoring
equipment
Improves asset reliability Necessity of employee training
Saves time, money, and energy in the  Significant time commitment to develop
long run and implement program

3.2.1 Proposed system

In modern wireless telecommunication, Internet of Things (IoT) as an emerging
technology has got attention with benefits to many applications. 10T provides
industrial automation with the best way to remote access. 10T devices have the
capability to communicate in bio direction with other devices; thus, gives them the
ability to exchange the data, statistics, and information to improve their performance,
which helps industries to have better productivity, management and increased

throughput (Kande et al., 2017).

Figure 3.9 shows proposed system architecture of the on-line condition monitoring
by using loT network. The proposed system consists of voltage, current, temperature,
vibration sensors that attached to the three-phase induction motor, loT gateway, and

the motor monitored and controlled through VisSim software.

INDUCTION MOTOR 10T GATEWAY ANALYTICS

VOLTAGE SENSOR WIFI ENERGY SAVING

CURRENT SENSOR LTE/4G PARAMETERS AND PERFORMANCES IDENTIFICATION
VIBRATION SENSOR MONITOURE AND DIAGNOSIS FAULTS

TEMPERATURE SENSOR

Figure 3.9 : Proposed on-line induction motor analysis using IoT network
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3.2.2 Fast Fourier Transform (FFT)

Fast Fourier Transform (FFT) is a tool that used to evaluate the AC signals or
waveforms in the frequency domain; it is one of the proposed methods that can check
whether the waveforms are sinusoidal or not. Calculations produce of FFT one of
signification of interest in Total Harmonic Distortion (THD). FFT can help to
identify the noise interference, noise problems in power supply and analog device

performance.

3.2.3 Total Harmonic Distortion (THD)

THD can measure the amount of distortion in voltage and current due to harmonics.
A pure sinusoidal voltage and current waveforms have no harmonic distortion. High
power factor, low peak currents, and high-efficiency advantages can be obtained
from the lower value of THD. Because THD is an important feature, IEC put limits
on several classes of equipment (IEC 61000-3-2, 2018).

3.2.4 Crest factor (CF)

According to (Keysight Technologies, 2011) defines “Crest Factor is a measure of
how high the waveform peaks, relative to its rms value”, also known as “The ratio of

instantaneous peak value to rms value” as shown in equation (3.26).

B Peak Value

CF = RS Value (3.26)

CF is an important parameter when measuring accuracy or purity for a specific signal
or waveform. An accurate AC measurement becomes more difficult when distortions
take a place and result in higher CF. CF of a pure sinusoidal waveform has the value
of 1.414 or near value, as shown in (Table 3.3).
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Table 3.3 : Crest Factors for Different Wave Types.

Wave Type Waveform Crest Factor

Sine wave V2 =1.414
Half-wave, Rectified sine
\2 =1.414

Full-wave, Rectified sine

Triangle wave \3=1.732

Square wave

530S
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4. EXPERIMENTAL WORK

4.1 Induction Motor Tests

In this chapter, the conducted fundamental tests of the motor under attention is
explained. First, the fundamental tests of an induction motor are implemented to find
out T — equivalent circuit lumped parameters. The fundamental tests are a no-load
test and blocked-rotor test. A corrected version of no-load test is also done to provide
the approximate real value of core loss resistance. Second, the performance test is
completed and mechanical and electrical quantities of the motor are captured. All
tests are accomplished according to IEC 60034-1 standard in which the detailed test

procedure is given.

4.2 Manufacturer Data

Table 4.1 is showing the nameplate data of the motor which is provided by the
manufacturer. Although the rated voltage is given as 380 V (220 V), nowadays in
Turkey, the terminal voltage of the low voltage grid can be assumed 400 V (230 V).

Table 4.1 : Nameplate Manufacturer Data

Parameters Value Unit
Operation Voltage 380 \
Motor Nominal Frequency 50 Hz

Rated Speed 1430 rpm

Motor Output Power 2.2 kwW
Power Factor 0.77 -
Nominal Current 5 A
Efficiency Value 84.3 %
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Figure 4.1 : Induction motor nameplate

4.3 Test Setup

For the detailed tests, many measurement devices are used. The list of the used
meters and measuring units which are applied in test setup is given in Table 4.2. The
high quality and precise measuring devices are used to get more accurate test results.

And the picture of the test setup is shown in (Figure 4.2).

Table 4.2 : Equipment used for tests setup

Equipment
Current probes
DC power supply
Loading bank
Multimeter
Oscilloscope
PM loading generator
Power analyzer
Rectifier
Three-phase induction motor
Three-phase variable transformer
Torque meter
Torque meter monitoring device
Voltage probes
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Current probes

Rectifier

Loading Bank

Oscilloscope Voltage probes
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Figure 4.2 : Test setup
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4.4 DC Stator Resistance Measurement Test

To measure the stator winding resistance, a voltage-current method is used. The
motor terminal voltage (both phase-to-phase and phase-to-neutral) is monitored

during a proper current is flowing through stator windings. The skin effect due to the
input frequency is neglected.

Multimeter

DC power =
supply -

Figure 4.3 : DC stator winding resistance test

Table 4.3 : Laboratory DC Test Data

Parameters Value Unit
Voltage 10.58 \
Rated Current 5.03 A
Stator resistance Ry 2.105 Q
Temperature 23.2 °C
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4.5 No-load Test

The no-load test is done while the motor is not driving any connected load to its
shaft. The input voltage, current, and power are measured. So all the demanded
power is for providing the iron (core) losses, frictional (mechanical) losses and stator
copper losses. Stator copper losses cannot be neglected for small motors because of
their substantial no-load currents. Because of the very high speed close to the
synchronous speed and very low slip, the rotor is assumed as an open circuit which
yields no rotor copper losses. And the input reactive power is for mainly magnetized
and partly for stator leakage reactance. So core loss resistance, magnetizing reactance
can be calculated both, of course, the stator resistance and reactance must be known
beforehand. The problem with the conventional no-load test, the core losses cannot
be determined for especially small motors because of relatively higher mechanical
loss. In Table 4.4 the no-load test results are given. The test setup is shown in (Figure
4.4).

Figure 4.4 : No-load test
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Table 4.4 : Laboratory no-load test data

Parameters Value Unit
Rated Voltage (Line) 400 \Y/
Rated Voltage (Phase) 231 \
Rated Current 3.19 A
Input Power 218.2 W
Power Factor 0.098 -
Temperature 235 °C

4.6 Corrected No-load Test

If the induction motor is driven by another motor at its synchronous speed while it is
energized. The measured value of input active power is not containing the
mechanical losses which are provided by driving motor. And also the mechanical
power loss can be determined by the help of driving motor’s demanded input power.
Figure 4.5 shows the corrected no-load test. And Table 4.5 contains the corrected

data of no-load test.

Figure 4.5 : Estimation tests without torque and speed measurements (Corrected no-
load test)
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Table 4.5 : Laboratory corrected no-load test data

Parameters Value Unit
Rated Voltage (Line) 400 \Y/
Rated Voltage (Phase) 231 \/
Rated Current 2.9 A
Input Power 171 W
Power Factor 0.085 -
Temperature 23 °C

4.7 Blocked-rotor Test

The blocked-rotor test is conducted while the shaft of the motor is locked by a
mechanical device. The input current is adjusted close to its rated value and all
terminal parameters are measured. Due to the low input voltage because of short
circuit operation, the no-load current can be omitted and with unit slip, all the current
is assumed that it is flowing through stator and rotor equivalent circuit branches. The
measured values are given in (Table 4.6). For deep-bar or multiple rotor cage
induction motors, blocked-rotor test must be done at lower input frequencies,
otherwise, the skin effect deteriorates rotor current distribution and eventually, both

rotor resistance and reactance are calculated mistakenly.

Table 4.6 : Laboratory block-rotor test data

Parameters Value Unit
Rated Voltage (Line) 64.26 \
Rated Voltage (Phase) 37.1 \
Full Load Current 5.08 A
Input Power 341 W
Power Factor 0.606 -
Temperature 23.4 °C

4.8 T-equivalent circuit calculation

By using the results of the fundamental tests of induction motors, e.g. no-load and
blocked-rotor tests, it is possible to calculate all the lumped steady-state parameters
which are shown in the T-equivalent circuit. The circuit can be formed for a certain

temperature because of the temperature dependency of stator and rotor resistors.

The iron core loss resistor can be evaluated as no temperature dependent because it is

showing a ferromagnetic loss content rather than a joule loss component.
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First, the short circuit resistance which is containing both stator and rotor winding
resistances can be found from short-circuit or blocked-rotor test. If Py the active

input power captured during blocked-rotor test.

Py = 315 Ry (4.1)
so the R is found as (ohm). The referred rotor resistance can be defined as

Ry =Rsc — Ry (4.2)

R; is defined via DC stator resistance test. If Qg is the reactive input power during
blocked-rotor test.

Qsc = 315 Xsc 4.3)
Both X; and X’»50 can be found at the half of X

N4

X1 = Xj50 = > (4.4)
From the corrected no-load test, if P, is the input power during no-load test
P, = 3IfoR; + 31§ Rp, (4.5)
To find out R¢e value, it is the proper way to use induced voltage E1=E’,
Ey =V; — Lio(Ry +jX1) (4.6)
where
I1o = Iipo — jligo 4.7)

E; is found as voltage V and it is phase angle is a degree, so

Pre = P19 — Peuto (4.8)
R — 3E?
Fe — PFe (4.9)
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and similarly, the magnetic reactance, if Qo is the input reactive power, the reactive

power necessary for magnetizing is as follows

Qm = Q10— Ux1 (4.10)
Qxa Is the reactive power demanded by X3, so

_ 3E?

" Qm

(4.11)

so for the given temperature (T=23°C) the T-equivalent circuit is as

I Ry X1 I, X5
o——>—AM—TT0—— o> THO——
+ +
I ,
R2
Vl RC E]_: Ez § T
o o

Figure 4.6 : T-equivalent circuit.

Table 4.7 shows the motor parameters of equivalent circuit.

Table 4.7 : Equivalent circuit parameters

Parameters Value Unit
Induced voltage E;=E, 222.27-j5904 V
Induced voltage |E4| 222.348 \
Stator resistance R 2.08 Q
Short-circuit resistance R 4.404 Q
Rotor referred resistance R, 2.324 Q
Short circuit reactance Xgc 5.824 Q
Stator reactance Xy, 2.912 Q
Rotor referred reactance X0 2.912 Q
Core loss resistance R 1106 Q
Magnetizing reactance Xp, 67.712 Q
Temperature 20 °C
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4.9 Performance Test

The performance test of the motor is realized by using a loading setup consisting of a
PM synchronous motor and a resistor loading bank. The motor is driving the
synchronous machine as a generator and generated three-phase voltages by
synchronous machine are rectified via a three-phase bridge diode rectifier. The
loading resistor is connected to the rectifier as a load bank. By adjusting the different
resistor values by connecting them series or parallel the induction motor can be

loaded with various shaft torque which reflects the output performance of the motor.

During the loading process, the motor shaft torque and speed are monitored and
captured by a torque transducer and a speed sensor. Simultaneously, the motor
terminal parameters such as the terminal voltage, terminal current and input active
power are measured by an oscilloscope and a power analyzer. The motor’s heating
test is also done by using the same setup by loading the motor at its rated output
power for a long time. The loading test setup can be shown in (Figure 4.2). and the

measured values for same certain loading are given in (Table 4.8).

Table 4.8 : Performance test data

Parameters Value Unit
Rated Voltage 400.1 400.0 400.6 399.7 399.9 399.3 \Y/
Full Load Current 6.75 5.82 5.01 4.27 3.69 3.30 A
Input Power 3932 3259 2626 1985 1380 784 w
Torque 21.969 18.304 14.632 10.975 7.321 3.661 Nm
Mechanical Speed 1410 1427 1443 1458 1473 1485 rpm
Output Power 32436 27351 22109 1675.6 1129.2 569.3 w
Efficiency 82.5 83.9 84.2 84.4 81.8 72.6 %

Power Factor 0.841 0.808 0.756 0.672 0.539 0.343 -
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Figure 4.7 : Performance curves (a) torque-speed curve, (b) current-speed curve, (c)
efficiency-speed curve, (d) power factor-speed curve.
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5. PERFORMANCE ESTIMATION STUDY

5.1 Method Explained

The proposed method is based on the determination of equivalent impedance of the
T-equivalent circuit as a function of slip. After the definition of exact T-equivalent
circuit parameters, the equivalent impedance that is depicting the input power factor

and input current is found. The equivalent impedance is given as:
Leqg =121+ (Z2//Zap) (5.1)

This value is a function of slip and temperature. Both stator and rotor resistances are
temperature dependent. The motor temperature can be found by using another
estimation algorithm by using a simple temperature sensor, which is placed, on the
motor surface or inside of the motor. The slip dependency of the total equivalent
impedance is the essence of steady-state performance estimation of the induction

motor under attention.

Xeq

Figure 5.1 : Equivalent circuit of an induction motor
Vi=1Zeq. 11 (5.2)

Zeq = Req +leq (53)
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Equivalent impedance versus slip characteristic can be calculated by using a simple
algorithm. For the meaningful values of motor operation slip, i.e. from break-down
slip to zero slip, can be defined by using the calculation algorithm given in (Figure
5.11). If the motor is operated at unstable region, i.e. between unit slip (zero speed)
and breakdown slip, the operation is labeled as a fault operation, which causes
excessive current flow. In this condition, the performance estimation is no longer
needed; the electrical energy input of the motor must be cut as soon as possible.
After the definition of Z¢, = f(s) curve which is a non-linear function, a proper curve
fitting process is applied to find out the related slip values. For the sake of
simplification, a quadratic curve fitting is more proper to calculate slip value from

the curve. Of course, the curve must be obtained for different temperature values.

Then the equivalent impedance — slip equation is given as follows:
Zog(s) =as®*+bs+c (5.4)

where a, b and c are the motor coefficients which are depending on the T-equivalent
circuit parameters and temperature. These coefficients can be supplied from the
manufacturer and embedded in performance estimation processor or simply can be
found by means of fundamentals tests which are providing the equivalent circuit
parameters. In addition, the similar process can be applied for the input power factor

to verify the measured value from the terminal voltage and current.
Cosp =ds*+fs+e (5.5)

The total equivalent impedance of T-equivalent circuit is calculated by using the
VisSim algorithm as given in (Figure 5.2). the algorithm is for calculating all
subequivalent impedances of T-equivalent circuit, e.g. Rp and X, are the equivalent
resistance and reactance of no-load branch and, Ry and X, are the parallel
equivalent resistance and reactance values of no-load and rotor circuit branches. By
using the given slip value, the numerical value of the total equivalent impedance can
be found. By means of the calculated impedance and other lumped circuit resistors,
all inner power values of the motor can be defined. The input power, stator copper
loss, iron loss, rotor copper loss, and inner electromechanical powers can be

calculated in the algorithm which is given in (Figure 5.3).
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e e Equivalent Impedance of No-Load Branch (Ohm)

[RO] 4.56024 675576
Stator Leakage Reactance (Ohm) [RO]
2912 6.75015e-2
[X0] 674035
Power Factor of No-Load Branch
Iron Loss Resistance (Ohm)

1000.83 H™ Rfe
67.712

Parallel Equivalent Resistance of Rotor and No-Load Branches (Ohm)

32.3135

[R20] 30.2535
Rotor Referred Resistance (Ohm) [R20 ]
2342 [ 75934]
25.9354
[0.06]
Slip Parallel Equivalent Reactance of Rotor and No-Load Branches (Ohm)
[X20] 23.0234
Rotor Referred Leakage Reactance (Ohm)

2912

Equivalent Impedance of Rotor Circuit (Ohm)
50.0847

@)

_ 998308

Rotor Power Factor

Figure 5.2 : VisSim algorithm of equivalent impedance
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Equivalent Impedance of T- equivalent Circuit (Ohm)

—» 41.4344

.835

Input Power Factor

This model is for calculation of equivalent
impedance of T-equivalent circuit




Terminal Phase Voltage (V)

230
[RO] 4.12694
[RO]
45.3397
5.07282 57 4595
Terminal Current (A) 86.4992
—»[E 668063
[Induced Voltage |
TR Induced Voltage (V)
2.08 L[ 212317] 744105
5912 [R20] 31.6575
(R20]
1106.83 Rfe
[X20] 27.3777

Fy
g
E

58.1729 Inner (Air Gap) Power (W)

286929 [Pfe | 122.182 [Pe] 2228 92

[ Pfe ]
; ;
e ——ry 191824 Pcul 160577 Inner (Air Gap) Power (W)
717
2228 92
PcuZ 92,8717
364975

Figure 5.3 : VisSim algorithm of power calculations
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5.2 Terminal Voltage - Current Measurements And Input Power Calculations

The motor terminal voltage and current waveforms are under attention have captured
by an oscilloscope. The waveforms are obtained for each loading situation as an MS
Excel file, so the data sets of measurements can be easily sent to any processor or
computer to analyze their contents. The tests are conducted at 23 °C test ambient
temperature and the signals are filtered substantially to overcome any calculating
error. Anyhow, some calculation errors may arise due to the poor signal quality. The
checking of waveforms which are whether near sinusoidal or not is done by two
methods: FFT (Fast Fourier Transformation) and CF (Crest Factor). By multiplying
the time-dependent voltage and current waveforms, the instantaneous power
waveform is found for each loading situation. Moreover, by integrating the
instantaneous power waveform, the active power value can be determined. Because
apparent power can be calculated from the captured voltage and current waveforms,
power factor and reactive power values can be defined consecutively. For FFT
analysis, it is aimed that the THD of the waveform must be lower than 5% so that the
signal can be assumed near sinusoidal and the power calculations that are founded on
pure sinusoidal waveforms can be done with small calculation errors. Mostly the
terminal motor voltage can be assumed as a pure sinusoidal unless an important AC
mains disturbance is presented. The CF value check limits are determined as + 10 %
because of the unwanted superposed signals, i.e. noise. However, with proper analog
and digital filtering, when the method is implemented in a microprocessor these
limits can be decreased due to the signal capturing quality.

For a star (wye) connected motor, it is proper to capture the motor voltage and
current waveform of a single-phase winding. The measurements must be done on the
same phase’s voltage and current. The input power calculations from the terminal
voltage and current capturing are connected by using an oscilloscope and evaluated
off-line.
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Power Calculation

From voltage and current waveforms ]

Active Power [W]

P 833.787
230 Vrms
[Irms |
[ 436373]
Loia Phase angle (deg)
1.4142 acos [ 57.2958 » 250024 ]
m * ot | |

Oilezer;
-

0 : .02

Reactive Power [VAr]
388.843

Apparent Power [VA]

Vrms | > 530

LIrms |

Figure 5.4 : VisSim algorithm of power calculation
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5.2.1 Measurement 1

The voltage and current waveforms are monitored form the terminal box of the
induction motor by means of voltage and current probes, and the obtained waveforms
of single phase are shown in (Figure 5.5). The given waveforms are for a no-load
operation whose power factor is quite low and the phase angle is close to 90°, but of
course, lowers than that. As it can be seen, there is a small amount of noise content
due to the measuring process, but it can be easily understood that both waveforms

can be assumed pure sinusoidal.

Tek i & Stop M Pas: 0,000s SAVESREC
-
Action
Yoltage
PRINT
Euttan
Saves Al
Ev\\ P
Current
Select
Falder
About
Sawve Al
CH2 5004 M 2.50rns CH2 7 -Gadrmd

11-Mar-13 0715 a0.0453Hz

Figure 5.5 : Terminal voltage and current waveform from an oscilloscope

Also, the point-by-point graph of the waveform, e.g. an MS Excel file, can be taken
via an oscilloscope. The terminal current waveform and the terminal voltage

waveform are seen in Figures 5.6 and Figure 5.7, respectively.

The captured waveforms have some noises and harmonics due to the measurement
conditions. But it can be seen in (Figure 5.8). so the calculations are somewhat
deviated from the other measurements which are done by the power analyzer. But all
calculated values are credible and agreement with the power analyzer measurements.
And also it can be seen that the power factor can be found by means of conventional
relation between the active power (P) and the apparent power (S) and also by
determining the duration of negative power sections in the instantaneous power

waveform.
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Figure 5.7 : Analyzed voltage waveform

After the data capturing, the measured waveforms are analyzed by an FFT process
which can be implemented in a processor. The frequency distribution of harmonic
content of terminal current is shown in (Figure 5.8). The harmonic order of terminal

current can be seen in (Figure 5.9).
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Figure 5.8 : FFT (harmonic content due to frequency) of terminal current

Another check for the suitability of captured waveform for sinusoidal calculations is
the CF check. Because of the measurement noise, there are substantial deviations
from 1.4142, but by using a proper filtering, this value can be satisfied accordingly.
Mostly, for the regular grids, the terminal voltage can be assumed as pure sinusoidal

directly and only the compatibility of current can be investigated.
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Figure 5.9 : Harmonic order content of terminal current

As can see, Table 5.1 shows the ratio values of the voltage and current waveforms.
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Table 5.1 : CF check for voltage and current waveforms

Parameters Value
Vmax! Vims 1,391129911
Imax/ Irms 1,554314754

The product of terminal voltage and terminal current gives the instantaneous power
signal and the average of that signal yields the input active power. The single-phase
input power variation is seen in (Figure 5.10). The area determined by integrating the
waveform is given as V.s (Volts x seconds) and the mean value of the instantaneous

power is input active power.
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Figure 5.10 : Instantaneous input power waveform (v(t).i(t))

The integral of the area is 0.6935 whose period is 0.01 sec. The active power can be
calculated by dividing this value by the period of 0.01 sec. This is reflecting 69.35 W
for single phase and 208.05 W for three-phase which is very close to the measured
value of 195 W.

As it can be calculated easily, the input apparent power:

Sy = 3Vymslyms = 694.4 VA (5.6)
Power factor:
PF = 5, = 0.3 (5.7)
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5.2.2 The other measurements

The figures and tables for the rest of measurements are listed in Appendix A. Table
5.2 shows the CF check of the voltage and current waveforms for the 5

measurements to get nearly pure sinusoidal waveform.

Table 5.2 : CF check of voltage and current waveforms for the 5 measurements

Measurements Parameters
Vmax/Vrms Imax/Irms
Measurement 1 1,391129911 1,554314754
Measurement 2 1,406799 1,589338
Measurement 3 1,400209 1,36978
Measurement 4 1,408208 1,58372
Measurement 5 1,412712054 1,55062807

5.3 Curve Fitting

The total equivalent impedance Zq variation due to motor slip can be found by using
the algorithm given in (Figure 5.11). After the determination of Z¢, = f(s) curve
which is essential for the motor operation, that variation must be simplified to
calculate the related slip value which is showing the motor’s performance. The total
equivalent impedance versus slip curve of the motor is given in (Figure 5.11). A
quadratic curve fitting can be applied to the characteristic and resulted as:

T T T T T T T T T

0 1
63 :\ =35 TeHEN -1 e + 81 .

.
g0 ¢ I :

z5 b i

1 T |

Fuglolum

10 I I 1 1 1 I ] 1 1
0.01 (.15 0.02 (.25 0.03 0.035 0. 0,43 0.03 0.035 0.06

Slip

Figure 5.11 : Equivalent impedance - slip relation
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Zoq = 5700s% — 11005 + 81 (5.8)

From the quadratic equation can be found the slip value.

—b +Vb?% — 4ac
X = g (5.9

A root of the quadratic equation is the slip which is to be found. The similar curve
fitting process can be applied to the input power factor of the motor. The power
factor versus slip curve is shown in (Figure 5.12). Moreover, a quadratic

approximation of this curve is as follows.

v=-23+02% +26%x +0.13 e
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0.01 0.013 0.0 0.023 0.03 0.035 0.0 0.3 0.0 0.033 0.06

Slip

Figure 5.12 : Power factor - slip relation
Cospy = —230s? + 265 + 0.13 (5.10)

Because the input power factor is already calculated from the terminal values during
the monitoring process, this definition can be used for verification of the
performance estimation. Both characteristics, of course, are temperature dependent
and the temperature dependency must be considered during performance estimation

computation.
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5.4 Estimation Results

The measured parameters of some different loadings are given in (Table 5.3). The
values are captured by using tachometer, torque meter and power analyzer for the

motor that is not loaded previously, i.e. not heated.

Table 5.3 : Experimental results by using torque meter, tachometer, and power

analyzer
Loading no. .
Parameters 1 > 3 7 Unit
Input phase voltage V; 230 230 230 230 \Y,
Input current |y 3.69 4.27 5.01 5.82 A
Input power Py 1380 1985 2626 3259 w
Mechanical speed np, 1473 1458 1443 1427 rpm
Mechanical torque T, 7.32 10.97 14.63 18.30 Nm
Output power P, 1130 1676 2211 2735 w
Power factor Cose 0.539 0.672 0.756 0.808 -
Efficiency n 81.8 84.4 84.2 83.9 %
As an example, the equivalent impedance of loading no.2 can be found as
— Vl J— 5
Zeqg = E = 53.86 () (5.11)
and from the given curve equation can be found as
—-b+Vb2-4ac
S = T = 0.0302 (512)
By using this speed value the motor’s shaft speed can be calculated as
Ny = ng(1 —s) = 1452 min~1 (5.13)

To determine the output power, first, the inner electromechanical or air gap power

must be calculated as

S
P, = 31;°R, (T) =1632W (5.14)

The referred rotor current can be found or estimated by using the algorithms in

Figure 5.2 and Figure 5.3.
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Although it is depending on slip the mechanical friction loss can be assumed as
measured which is 23W. And so the output shaft power can be estimated as:

P, =P, — Pr- = 1655 W (5.15)

Then the estimated efficiency is;

_ Pm _ 0
n= P_l = 0.833% (5.16)

The shaft torque is simply as follows,

T, =im 1314
mE s m (5.17)
So the all estimated values of the loading situations are found properly. The other
estimation calculations are given in (Table 5.4). As it can be seen the tested and
estimated results are in agreement for cold motor. But the temperature dependency

must also be investigated.

Table 5.4 : Input Measurements and Estimated Results

Loading no. .

Parameters 1 > 3 7] Unit
Input phase voltage V; 230 227 227 230 \%
Input current Iy 3.64 4.25 4.98 5.77 A
Input power P, 1363 1997 2618 3244 w
Mechanical speed np, 1468 1452 1439 1420 rpm
Mechanical torque T, 7.28 13.14 14.52 18.27 Nm
Output power P, 1120 1655 2188 2717 w

Power factor Coso 0.543 0.690 0.772 0.815 -

Efficiency n 82.1 82.8 83.6 83.7 %
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6. CONCLUSION AND FUTURE ASPECTS

In this thesis, a simple on-line steady-state performance estimation technique for
three-phase induction motors is presented. The target is to define the approximate
performance of induction motor, i.e. input power, shaft speed, shaft torque, output
power, and efficiency, by using only terminal voltage and current measurements. The
method is based on the T-equivalent circuit, which reflects motor performance by
means of lumped parameters. The method uses slip value as a key parameter of
induction motor, for power distribution and output mechanical quantities. The main
aim is to find the operation slip of motor from the total equivalent impedance that
can be defined by T-equivalent circuit. For this aim, first the well-approximated
equivalent circuit parameters are obtained via fundamental tests. Then, the slip
variation of total equivalent impedance is expressed by using a simple curve fitting
process. This variation can be provided either by directly from manufacturer or by
doing some tests.

The motor used in the study is a 2.2 kW, 380 V, IE2 class, 4-pole induction motor.
The performance parameters are defined by conducting loading tests and are known
beforehand. After that, a series of fundamental tests for obtaining induction motor
equivalent circuit lumped parameters are done. For small induction motors, some
assumptions such as omitting stator impedance during no-load test cannot be applied.
So some corrections are accomplished due to the nature of small power induction

motors.

After the definition of T- equivalent circuit parameters, the slip variation of the total
equivalent impedance, which is simply equal to the division of input voltage and
current, is extracted and a curve fitting is applied to find out slip vale from the

impedance variation.

During performance estimation process, the input active power, apparent power and

reactive power, power factor can be calculated from the terminal voltage and current
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waveforms. The real-time calculation of powers is given. After the completion of
input quantities, by help of the slip variation of equivalent impedance can obtain the
output values. The slip value gives the shaft speed and inner (air gap) power, and by
using proper values of frictional losses and stray losses the output power and shaft
torque can be found approximately. So the efficiency and loading level of the motor
can be monitored on-line. The real test results and the results from estimation
calculations are agreeable. Some proper filtering is needed to get rid of unwanted

noises during measurement.

Any substantial deviation from the expected operation mode can be assumed as a
fault operation and some interventions can be done. By using Big Data via longtime

monitoring data, a fault diagnosis can be applied.

For the future work, the analysis of temperature dependency of equivalent impedance
will be considered by means of the information form cheap temperature sensors.
Moreover, equivalent circuit parameters will be estimated from the on-site operation
conditions instead of doing some separate tests. In addition, the waveforms with

harmonic content will be considered for the estimation process.
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APPENDICES

APPENDIX A

Measurement 2
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Figure A.1 : Terminal voltage and current waveform from an oscilloscope
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Figure A.2 : Analyzed current waveform
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Figure A.3 : Analyzed voltage waveform
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Figure A.4 : FFT (harmonic content due to frequency) of terminal current
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Selected signal: 1.24 cycles. FFT window (in red): 1 cycles
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Figure A.5 : Harmonic order content of terminal current
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Figure A.6 : Instantaneous input power waveform (v(t).i(t))

The integral of the area is 5.433 which is valid for 0.01 sec. This is reflecting 543.3
W for single phase and 1629.9 W for three-phase which is very close to the measured
value of 1.61 kW.

As it can be calculated easily, the input apparent power:

S =2.57565 kVA

Power factor:

PF =0.6326
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Table A.1 : CF check for voltage and current waveforms

Parameters Value
Vmax! Vims 1,406799
Imax/Irms 1,589338
Measurement 3
Tek M @ Stop b Pos: 00005 SAYESFEC
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Figure A.7 : Terminal voltage and current waveform from an oscilloscope
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Figure A.8 : Analyzed current waveform
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Figure A.9 : Analyzed voltage waveform
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Figure A.10 : FFT (harmonic content due to frequency) of terminal current
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Selected signal: 1.24 cycles. FFT window (in red): 1 cycles
T T

Signal mag.

Time (s)

(50Hz) = 5.935, THD= 3.31%
T T T

Mag (% of Fundamental)

2000

1500

1000

Power [W]

a
o
o

-500 | | 1 | 1
-0.01 -0.005 0 0.005 0.01

Time [s]

Figure A.12 : Instantaneous input power waveform (v(t).i(t))

The integral of the area is 6.08 which is valid for 0.01 sec. This is reflecting 608 W
for single phase and 1824 W for three-phase which is very close to the measured
value of 1.8 kW.

As it can be calculated easily, the input apparent power:

S =2.7429 kVA

Power factor:

PF =0.665
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Table A.2 : CF check for voltage and current waveforms

Parameters Value
Vmax! Vims 1,400209
Imax/Irms 1,36978
Measurement 4
Tek M @ Stop b Pos: 00005 LAYESRED
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Figure A.13 : Terminal voltage and current waveform from an oscilloscope
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Figure A.14 : Analyzed current waveform
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Figure A.15 : Analyzed voltage waveform
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Figure A.16 : FFT (harmonic content due to frequency) of terminal current
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Selected signal: 1.24 cycles. FFT window (in red): 1 cycles
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Figure A.17 : Harmonic order content of terminal current
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Figure A.18 : Instantaneous input power waveform (v(t).i(t))

The integral of the area is 7.35 which is valid for 0.01 sec. This is reflecting 735 W
for single phase and 2205 W for three-phase which is very close to the measured
value of 2.19 kW.

As it can be calculated easily, the input apparent power:

S =2.997 kVA

Power factor:

PF=0.735
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Table A.3 : CF check for voltage and current waveforms

Parameters Value
Vmax! Vims 1,408208
Imax/Irms 1,58372
Measurement 5
Tek M @ Stop b Pos: 00005 SAYESFEC
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Yoltage PRINT

Cwurrent 4
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Figure A.19 : Terminal voltage and current waveform from an oscilloscope
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Figure A.20 : Analyzed current waveform
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Figure A.21 : Analyzed voltage waveform
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Figure A.22 : FFT (harmonic content due to frequency) of terminal current

91



Selected signal: 1.24 cycles. FFT window (in red): 1 cycles
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Figure A.24 : Instantaneous input power waveform (v(t).i(t))

The integral of the area is 10.04 which is valid for 0.01 sec. This is reflecting 1004
W for single phase and 3012 W for three-phase which is very close to the measured
value of 3.09 kW.

As it can be calculated easily, the input apparent power:
S =3.7791 kVA
Power factor:

PF =0.797
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Table A.4 : CF check for voltage and current waveforms

Parameters Value
Vmax! Vims 1,412712054
Imax/lrms 1,55062807
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